There are many classes of antimicrobial proteins, which have diverse structures and mechanisms of action. These include cationic antimicrobial peptides, S100 family proteins, peptidoglycan-recognition proteins (PGRPs in invertebrates, PGLYRPs in vertebrates), calcium-dependent lectins (C-type lectins) and iron metabolism proteins (FIG. 1; TABLE 1 ). The classical cationic antimicrobial peptides, which include defensins and cathelicidins, are the best characterized, and the finding that they are conserved across many phyla is testament to their importance as part of a primordial and highly effective system of host defence. They provide early, broad spectrum (and in invertebrates, sufficient) protection against invading microorganisms at epithelial-cell surfaces. In vertebrates, basal expression of antimicrobial proteins by gut epithelial cells also controls the overgrowth of commensal bacteria, thereby preventing bacterial invasion in the absence of a breach in the epithelial-cell barrier.
In addition to functioning as direct antimicrobial compounds (for example, through bacterial-membrane permeabilization), antimicrobial proteins can function as opsonins 1 , chemokines 2 and modulators of host-cell cytokine production that, in turn, regulate innate immune responses. For example, a recent study showed that the antimicrobial protein lactoferrin can induce the production of interleukin-18 (IL-18; an IL-1 family cytokine that is also known as IL-1F4), which increases natural killer (NK)-cell activity 3 . In addition, the human cathelicidin LL37 (also known as CAMP) can synergize with IL-1β to increase the production of cytokines, such as IL-6, IL-8 and IL-10, and chemokines, such as CC-chemokine ligand 2 (CCL2) 4 , as well as to increase the synthesis and release of α-defensins 5 . Cytokine and chemokine signalling then leads to the recruitment of macrophages and neutrophils and further increases the antimicrobial-protein response. High levels of antimicrobial proteins facilitate microbial clearance through their localized concentration, opsonization and further signalling. Finally, negativefeedback regulation by some antimicrobial proteins can limit inflammation; for example, α-defensins can block the secretion of IL-1β by lipopolysaccharide (LPS)-activated monocytes and therefore may be important for the resolution of inflammation 6 . Based on these observations, antimicrobial proteins are thought to provide a self-contained response to extracellular microbial infection that encompasses pathogen recognition (together with pattern-recognition receptors (PRRs)), inflammation, pathogen clearance and resolution of inflammation.
During invasion by pathogens or commensal flora, the local production of antimicrobial peptides can be increased by cytokines that are produced by cells of the innate immune system, such as dendritic cells and macrophages, and by epithelial cells. In addition, skin and mucosal T cells can produce cytokines that regulate the antimicrobial-protein response. In particular, two cytokines that are produced by the recently described T helper 17 (T H 17)-cell lineage, IL-17 and IL-22, have been shown to be important regulators of skin and mucosal immunity by controlling the expression of antimicrobial proteins. This Progress article describes the cytokine-mediated regulation of anti microbial proteins and highlights the recent insights into immunity and homeostasis at skin and mucosal sites that have been gained from studying the function of IL-17 and IL-22.
Innate regulation of antimicrobial proteins
When pathogens cross the epithelial-cell barrier, they encounter a range of PRRs that are expressed by myeloid and non-myeloid cells. These PRRs induce a signalling cascade that leads to the production of innate inflammatory cytokines, such as the IL-1 family members IL-1α, IL-1β and IL-18 (FIG. 2) , which are key inducers of antimicrobialprotein expression. The best known example of this is the induction of β-defensins in the lungs by IL-1β (rEF. 7) . IL-1β also induces the expression of lipocalin-2, an iron-sequestering antimicrobial protein, in the lungs 8 and upregulates the transcription of genes that encode human β-defensin-2 (HBD2; also known as DEFB4), PGLYRPs, S100A7 (also known as psoriasin), calprotectin (a heterodimer of S100A8 and S100A9), secretory leukocyte protease inhibitor (SLPI) and lipocalin-2 in the skin, as shown by micr oarray analysis of cytokine-stimulated human keratinocytes 9, 10 . IL-18 is constitutively and inducibly expressed by many cell types and is associated with the clearance of several bacterial pathogens, including Escherichia coli and Burkholderia pseudomallei 11, 12 . However, the mechanism of IL-18-mediated protection from these infections Abstract | Antimicrobial proteins constitute a phylogenetically ancient form of innate immunity that provides host defence at skin and mucosal surfaces. Although some components of this system are constitutively expressed, new evidence reviewed in this Progress article shows that the production of certain antimicrobial proteins by epithelial cells can also be regulated by cytokines of the innate and adaptive immune systems. In particular, the effector cytokines interleukin-17 and interleukin-22, which are produced by the T-helper-17-cell subset, are emerging as crucial regulators of antimicrobial-peptide production in the gut and the lungs. This suggests that this T-cell lineage and its cytokines have important roles in skin and mucosal immunity. remains unclear. IL-18 has been shown to induce the expression of the antimicrobial proteins LL37 and α-defensins during Cryptosporidium parvum infection of intestinal epithelial cells, thereby providing a potential mechanism for the local control of infection 13 . IL-1 family cytokines induce weak PGLYRP expression levels compared with those that are stimulated by the direct activation of the PRRs Toll-like receptor 2 (TLR2), TLR4, nucleotide-binding oligomerization domain protein 1 (NoD1) and NoD2 (rEFs 14, 15) . This indicates that signalling through these PRRs, which activates the cleavage of pro-IL-1β into mature IL-1β, may increase antimicrobialprotein expression by the epithelium through both cytokine-dependent and cytokine-independent mechanisms. Furthermore, with the exception of TLR3, most TLRs and the IL-1 receptor (IL-1R) family signal through a common adaptor protein, myeloid differentiation primaryresponse gene 88 (MyD88), and this may provide another means of amplifying the antimicrobial response. However, determining the individual contributions of the TLR and IL-1R family members to the regulation of the antimicrobial protein response in vivo has been made difficult by this shared signalling pathway.
Regulation by T-cell-derived cytokines
In addition to antimicrobial-protein regulation by cytokines of the innate immune system, cytokine products that are traditionally associated with T-cell immunity also regulate antimicrobial-protein expression Figure 1 | Antimicrobial protein structure and functional domains. a | Defensins, cathelicidins and hepcidin are synthesized as pre-pro peptides that are cleaved to release mature cationic antimicrobial peptides (AMPs) that interact with negatively charged bacterial surface moieties. Hydrophobic regions in the peptide (not shown) then integrate into the bacterial membrane, leading to membrane permeabilization, cytoplasm leakage and ultimately complete membrane perforation. Based on their primary amino-acid structure, antimicrobial CXC chemokines are thought to have similar mechanisms of action. elastase inhibitors are also synthesized in a pre-pro form with a carboxy (C)-terminal elastase inhibitor region that contains a conserved whey acidic protein (WAP) motif. The WAP motif binds bacterial peptidase and may have antibacterial activities that are independent of the elastase inhibitory activity. The pro form of the elastase inhibitor elafin has a cationic domain that probably kills bacteria by membrane permeabilization. Lactoferrin is a 75 kDa bilobed, bivalent iron-binding protein. The amino (N)-and C-lobes, which contain an iron-binding site, may be cleaved by proteolytic digestion. The cationic lactoferricin domain in the N-lobe is thought to confer its antimicrobial activity. b | These proteins bind the bacterial peptidoglycan layer and either hydrolyse the peptidoglycan or facilitate bacterial opsonization. Peptidoglycan-recognition proteins (PgLYrPs) comprise varying numbers of peptidoglycan-recognition motifs (Pgr; only one is shown here) and all have a conserved C-terminal Pgr that has homology with bacterial peptidase. Most vertebrate PgLYrPs are secreted and lack the transmembrane domains (TMs) that are shown in this figure. Collectins consist of polypeptides with an N-terminal cysteine-rich domain, a collagen-like region, an α-helical region and a C-type lectin domain (CTLD). Trimers of the shown polypeptide multimerize to form the collectins. regenerating (reg) proteins have a single CTLD; their mechanism of antibacterial activity is unknown. c | s100 proteins have two helix-loop-helix calcium-binding motifs; their mechanism of antibacterial activity is unknown. Lipocalin-2 is a 25 kDa protein that binds bacterial siderophores, which are bacterial iron-scavenging proteins, and therefore deprives bacteria of their necessary nutrient, iron. β, β-strand; sP, signal peptide.
at skin and mucosal surfaces. With the discovery of the T H 1-and T H 2-cell subsets of CD4 + T cells, it became clear that the differentiation of CD4 + T cells into mature T-cell subsets that have appropriate activities against the type of pathogen that is encountered is crucial for the maintenance of immunity at mucosal sites and elsewhere in the body. Indeed, patients with HIv-1 infection and a resultant acquired loss of CD4 + T cells suffer from more infections at epithelial-cell surfaces, such as the skin, gastrointestinal tract and lungs. The observation that HIv-1-infected individuals are more susceptible to infection with intracellular pathogens, such as human herpesvirus 8 (the aetiological agent of Kaposi's sarcoma) and Mycobacterium tuberculosis, could be explained by their lack of T H 1-cellmediated immunity. However, deficiencies of T H 1-and T H 2-cell-mediated responses cannot fully explain the lack of skin and mucosal immunity against extracellular pathogens, such as Candida albicans or bacterial pneumonia. Recent studies indicate that IL-17 and IL-22, the cytokines that are produced by the newly described T H 17-cell subset, might fill this void. In support of this suggestion, activation of PRRs, specifically TLRs and dectin-1, strongly induces IL-17 expression and provides protective immunity against bacterial and fungal infections [16] [17] [18] [19] . This protection might be mediated by IL-17-driven upregulation of granulopoietic cytokines, which causes a marked increase in the number of neutrophils to effectively eliminate the extracellular pathogen 20 . However, it is becoming clear that T H 17-cell-derived cytokines have an important role in upregulating humoral antimicrobial factors that act locally to limit infection and that drive inflammation by acting as chemokines or autocrine and/ or paracrine signalling molecules. Indeed, data are accumulating to support a role for these T H 17-cell-derived cytokines as key regulators of the antimicrobial-protein response in vitro and in vivo, and this may be an important mechanism by which they confer protection from infection.
In the lungs, IL-17A exerts its effects through its receptor, IL-17RA, which is expressed on the basolateral surface of the bronchial epithelium and induces the expression of HBD2 and CCL20 (rEFs [21] [22] [23] (FIG. 2) . This IL-17RA-mediated activity depends on the cytoplasmic adaptor protein actin-related gene 1 (ACT1), on the activation of phosphoinositide 3-kinase (PI3K) and on the nuclear translocation of nuclear factor-κB (NF-κB) 23 .
IL-22, IL-17A and IL-17F have been shown to cooperate in the induction of antimicrobialprotein expression, such as HBD2, HBD3
(rEF. 24) and calgranulin, by human skin keratinocytes and bronchial epithelial cells [25] [26] [27] [28] (FIG. 2) . Furthermore, in mouse tracheal epithelial cells, IL-22 and IL-17 synergistically induce lipocalin-2 expression, and this induction is required for antimicrobial activity against the Gramnegative pathogen Klebsiella pneumoniae 26 . The mechanism of synergism between IL-17 and IL-22 is yet to be defined, but may be the result of a convergence of the STAT3 (signal transducer and activator of transcription 3) and NF-κB signalling pathways, which are induced downstream of the IL-22 and IL-17 receptors, respectively. Exactly how IL-22-induced STAT3 signalling converges with the ACT1-PI3K-NF-κB pathway to cooperate with IL-17 in antimicrobial-protein induction is unclear. However, it is possible this synergy occurs at the level of downstream kinases that have been implicated in both IL-22R and IL-17R signalling, including the mitogen-activated protein kinases and the JuN N-terminal kinases.
In the mouse gastrointestinal tract, IL-22 was recently shown to be required for the induction of expression of the C-type lectins regenerating protein 3β (REG3β) and REG3γ following challenge with Citrobacter rodentium 29 . Consistent with this, Zheng et al. 29 also showed that IL-22-deficient mice are highly susceptible to infection with C. rodentium and can be rescued from an otherwise lethal challenge through the administration of recombinant human or mouse REG3γ. REG3γ is a soluble C-type lectin that is produced by Paneth cells and has direct antimicrobial activity against Gram-positive bacteria by interacting with bacterial peptidoglycan. REG3γ is not known to have direct antimicrobial activity against Gram-negative organisms, although commensal flora can induce its expression 30 . In addition, the study by Zheng et al. suggested that REG3γ has antimicrobial activity (albeit not directly microbicidal) against certain pathogenic Gram-negative bacteria 29 . Pathogenic Gram-positive bacteria, such as Listeria monocytogenes, can induce REG3γ production in a MyD88-dependent manner 31 , which indicates that TLR or IL-1R signalling might be involved in REG3γ expression and regulation. The preferred action of REG3γ against Gram-positive or commensal organisms presents an intriguing possibility: the balance of inflammation and tolerance against a constant presence of bacteria in the gut could be linked to differential cytokine-mediated regulation of antimicrobial proteins. The effects of IL-22 in this model imply that this cytokine has a role in inflammation, although this remains a controversial issue. 
Balancing inflammation and homeostasis
In addition to being a crucial effector of mucosal immunity, IL-22 has been implicated in autoimmune inflammation and epithelial-cell proliferation. Whether IL-22 mediates inflammation and proliferation or has an anti-inflammatory protective effect may depend on the differential activation of STAT3 and the subsequent activation of either IL-21, which can further promote IL-17 production, or the suppression of cytokine signalling (SoCS) proteins, which inhibit cytokine-receptor signalling. In addition, similar to IL-17, IL-22 may have granulopoietic effects that lead to the proliferation of inflammatory cells, although this suggestion requires further investigation. on the one hand, IL-22 is known to induce the production of several acute-phase proteins (such as lipocalin-2), which are markers of inflammation. on the other hand, IL-22 has been shown to induce the production of high levels of LPS-binding protein (which neutralizes LPS), suggesting that IL-22 has a role in dampening inflammation 32 . Another factor that requires further investigation is the role of IL-22 binding protein (IL-22BP), which inhibits IL-22 from binding to IL-22R. The balance of IL-22 and IL-22BP levels, and the mechanism by which the expression of IL-22BP affects the binding of IL-22 to IL-22R in the setting of various inflammatory disorders, is currently unclear. A greater understanding of this balance could help to determine whether IL-22 has a primarily pro-or anti-inflammatory role.
The effects of IL-22 in inflammation are probably influenced by changes in the microenvironment that are yet to be determined, but may be associated with the baseline level of colonization by commensal bacteria. Antimicrobial proteins may be both mediators and 'end-effectors' in this cytokine-regulated commitment to inflammation and proliferation, as indicated by the paradigm of the crosstalk between innate immune cells and T H 17 cells. More specifically, the persistent presence of commensal bacteria in the normal gut induces a constant range and level of antimicrobial-protein expression. As the innate immune system has developed a degree of tolerance to the presence of commensal bacteria, introduction of new pathogenic bacteria, or changes in the quantity or distribution of the commensal flora, may tip the balance towards T H 17-cell development. This can subsequently modulate the antimicrobial-protein response accordingly. The differential recognition of bacterial species by antimicrobial proteins, such as REG3γ, also helps to 'tag' pathogens for recognition by the immune system and alert it to changes in the quantity and quality of the commensal milieu.
A role for IL-22-driven T H 17-cellmediated antimicrobial-protein expression in inflammatory disease is most apparent in the skin. Antimicrobial peptides are highly expressed in the skin of patients with psoriasis 33 , and IL-22 strongly induces both the proliferation of keratinocytes and the expression of antimicrobial proteins, such as S100A7 (rEFs 25, 27, 28, 34) . Moreover, neutralization of IL-22 can reduce cutaneous acanthosis (thickening of the skin) in models of psoriasis 35 . A role for T H 17 cells in antimicrobial responses is also supported by the finding that patients with mutations in STAT3 that cause Job's syndrome (hyper-IgE syndrome) and increased susceptibility to cutaneous infections with Staphylococcus aureus and C. albicans lack antigen-specific T H 17 cells in the peripheral blood 36 . Curiously, these patients have an exaggerated T H 2-cell-associated hyperIgE syndrome. In individuals with atopic dermatitis 37 , the T H 2-type cytokines IL-4
and IL-13 are highly expressed in the skin, where they seem to downregulate the expression of LL37; this may explain the frequent occurrence of S. aureus infections in patients with atopic dermatitis. IL-4 and IL-13 can activate STAT6, as well as SoCS1 and SoCS3, which then inhibit both tumour-necrosis factor (TNF)-and interferon-γ (IFNγ)-mediated induction of HBD2, and HBD3 expression by keratinocytes 38 . Further work is required to determine the role of IL-22 (or other activators of STAT3) in Job's syndrome, and whether myeloid-cell or epithelial-cell expression of STAT3 contributes to the clinical phenotype of this syndrome, including the high IgE levels and susceptibility to S. aureus and C. albicans infections.
The role of T H 2-type cytokines in pulmonary infection is less clear. IL-4 was recently shown to increase the transepithelial transport of the antimicrobial substrate thiocyanate in human bronchial epithelial cells 39 , which could enhance the activity of this innate immune defence mechanism in the lungs. can also induce the production of CC-chemokine ligand 20 (CCL20), which has antimicrobial activity, recruits dendritic cells and increases the production of CXC-chemokine receptor 2 (CXCr2) ligands that are important in neutrophil recruitment. This response is beneficial to the host during an acute infection. However, in autoimmune diseases (such as psoriasis) cationic antimicrobial peptides, which are present at high levels, can interact with negatively charged DNA that is released from dying cells (cell death occurs as a result of increased cell turnover during inflammation). Antimicrobial-peptide-DNA complexes can amplify inflammation in the skin by activating Toll-like receptor 9 (TLr9) signalling.
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Finally, a less favourable potential effect of antimicrobial proteins is the perpetuation of inflammation. Recent studies have shown that certain antimicrobial proteins can directly activate PRRs and promote unrestrained inflammation. For example, LL37, which is overexpressed in psoriatic skin and is associated with epithelial-cell proliferation, can bind to self DNA (which can be released from dying keratinocytes) owing to its cationic charge. This DNA-LL37 complex can then activate TLR9 signalling, leading to the production of type I IFNs (such as IFNα). IFNα in turn promotes the maturation of dendritic cells and the subsequent activation of T H 17 cells, which mediate unremitting inflammation through the production of their effector cytokines IL-17 and IL-22 (rEF. 40) . This could induce epithelial-cell proliferation and potentially the formation of further DNA-LL37 complexes, thereby resulting in a vicious cycle of inflammation. In this setting, the antimicrobialprotein response is both a target and a driver of autoimmune inflammation at mucosal surfaces. Whether similar mechanisms of inflammation are involved at other mucosal sites, such as the gut and lungs, needs to be determined. It is also possible that antimicrobial peptides, such as β-defensins, that are ligands for CC-chemokine receptor 6, which is expressed by T H 17 cells 41 , could amplify inflammation by increasing the recruitment of T H 17 cells.
Conclusions and outstanding questions until recently, it was generally thought that the expression of some antimicrobial proteins was ubiquitous and constitutive, whereas the expression of other antimicrobial proteins was inducible in response to changes in the local microenvironment. However, recent evidence now indicates that these proteins can be dynamically regulated through the interaction of commensal flora with pathogen sensors, such as the TLRs and NoD-like receptors, and through a complex network of cytokines that are produced by innate and adaptive immune cells. Cytokines that are produced by macrophages and lymphocytes allow immune effectors to modulate the antimicrobial-protein response to environmental stress or pathogen challenge. Components of this mucosal immune response, such as IL-22, can cause unwanted epithelial-cell proliferation and antimicrobial-protein production, and drive tissue inflammation. Moreover, if they are not appropriately regulated, some antimicrobial peptides might perpetuate tissue inflammation through their putative binding to chemokine receptors or through their formation of DNA-containing complexes that activate TLR9 (FIG. 2) .
Most of the observations that have been highlighted in this Progress article are based on in vitro studies with isolated cell populations. However, the role of cytokines, such as IL-22, in regulating antimicrobial proteins in vivo in response to infection is becoming clearer. Despite this, there are several unanswered questions. For example, which of the receptors that signal through MyD88 -the TLRs or the IL-1R family members -is more important for the cytokine-mediated regulation of antimicrobial peptides? Does IL-22 induce granulopoiesis (similarly to IL-17)? If so, how does this contribute to the local induction of epithelial-cell antimicrobial-protein production in vivo? Can these IL-17-or IL-22-mediated pathways be exploited to overcome defects in antimicrobial-protein expression in the setting of atopic dermatitis or to prevent infections in patients with hyper-IgE syndrome? Is STAT3 expression more important in myeloid cells or epithelial cells for maintaining mucosal immunity against the common commensal organisms S. aureus and C. albicans? Advances in cell-and tissue-specific gene targeting in mice and other model organisms, as well as advances in human genetics, will continue to determine the in vivo cellular requirements of PRRs (in myeloid or epithelial cells, for example) and the cellular source of cytokines that are crucial for regulating mucosal antimicrobial peptides.
